String tile models for DNA computing by self-assembly by Winfree, Erik et al.
 
	 fffiffifl "! #$fi%&'()
	+*-,
 ./102!34%5*6,
78:9<;=>9@?BAC8EDDGFIH4JG?LK7?IMIFBNff?PO
QR8:SDMGJT8ESRUVJGSD?LWPD8EM
XZY\[^]G_a`^bdcegfcihj]TkT_a[:lnmffo^pq[^rdo^[tsrLuZfvVmBw
f)sxypze<clardpysj{|rT`}_apz_akT_a[\ceg~2[^odrdcxqciw

s`asuT[^rdsf)G/Łffw\mTw
T/i11ff1ff6g|ii
w

Tcihj[\]ds[i
ii g¡}¢1¢£1£¤¥iiff/¤|iiG¢i¦nT/111
w
§.¨ s©cls_acl¥fie<cl\fcihj]dkG_a[:lnmGo:py[:rdo^[iw
ª
s`¥`asoEffkT`¥[:_¥_a`n{«rd`}_apz_akT_a[Vce¤~2[^odrTcixqciw
f)shR©GlapyuTi[w
ª
¬iŁff^­iGwLVmTtw
i£iff®i¯¤}1°P²±¤«ii
w
³.{|rd`}_apz_akG_a[\cegnuT´srdo:[6uZfchj]dkG_a[:lnmGo^pq[^rTo^[jµ
¨
{|¶f·md¸
¨
[^pyuT[^rfi¹rTpy´i[:la`¥pz_|
v¹pq[^xq`¹º4ciTl¥»[^-iwLŁ­­i­f)
¨
[^pyuT[^r
~)T[Vv¹[:_aT[:laxysrduT`
srLu
Y¹[^]Ls/l¥_ahj[^r_·ce4fchj]dkT_a[El¶mGo^pq[^rTo^[
¹rdpq´1[Ela`¥pq_«¼cegfcxyclsiuGcfis/_nºcikTx@uG[:l
ºckdxyuT[El6wBf·½>¾i¬­i¬iffwVmGb
ff®¿1ÀffT2|iff11TÁÂÃG
ÄÅÂÆ^Ç^È/ÉLÊÇiË
~)Tpy`]ds][:l¶pqrff´1[^`}_apq1s/_a[^`no:cihj]dkG_s_apqcirfi©fixqpqrd[^slns`¥`¥[^hÌ©dxqpq[^`¶ce
o^chj]dxq[:Í.Y\v¹Î_apqxq[^`^w2»Tpyo(»[o6sxqx`}_¥lapqrTZ_apqxy[:`^bÂº4.Ï1[^[:]dpqrdZ_¥lsoEÏce·_ad[
`}_¥lsrLuT`¤s`Ð_ad[:¹»)[6s6´1[)©dsoÏtsrdute<cl¥_aÌ_aGlacikTit_ad[)s`¥`¥[^hR©Txzw6»)[)`¥Tc/»_ads_
`¥kGla]Tlapq`¥pqrdixz`¥ci]Tdpq`}_apqo6s_a[^uRo6sxqo^kTxys_apqcirT`go^sr©[)][:l¥e²clahj[6utkd`¥pqrdnxypqrT[6sl¤`¥[^xze@Ñ
s`¥`¥[^hR©TxqbÒÂÍTshj]Txy[:`2lsrTi[e@lacih[^rd[:ls/_apqrd\srRsuduGpq_apqcrÌ_s©Txq[4_ac¹]Glac/´GpyuGpyrT
Ó
µ}6¸¶`¥cixqkG_apycrd`_ac¼fv\Ô2Ñ|mTg~ÕsrduZY\Ö
g
b

[to^xys`¥`¥pze<-_aT[\e×shjpyxqpq[^`ncegxysrTÑ
kLs[^`t_aLs_\o6sr
©[Ri[^rT[:ls_a[6u.©´is/lapyckd`V_|G][^`¹ce·Y\v¹Îhjcxq[^o^kdxq[^`^w2srdu
[^`}_s©dxqpq`¥jsno:cl¥la[^`¥]crLuT[:rdo^[)_ac¶_ad[)[:ÍGpq`}_apqrdno^xys`¥`¥[^`4Ø\Ù¹¬Ú4ÛÜsrLuØ\Ùn¬iÚ4Ý/Þyßb
~)ffkd`^wgxqpqrd[6s/l¼`¥[^xze<Ñ«s`¥`¥[^hÌ©dxzàceV`}_¥lapqrT(_apqxq[^`o6srái[^rT[:ls_a[Z_aT[-cikG_a]dkG_jxysrTÑ
kLs[^`¶ceÂâLrTpz_a[:ÑÃ´Gpq`¥pz_¶~2kGlapyrT
ª
sodpqrT[^`^b
ã ädå¶æçBèVéÌêë2æBìaè¶å
í
Oî<DïNff?gð ñJT8E9<MG9<?INGînò¹JG8:;óJG?ï-JGî<DôõBî<NG8ô/JGï-öBõB÷:N÷:9@JT?ùø
í
OBî<úGûffütïNGOD
õIñEDJffAýñDîyA×þ
NGñ:ñDï¼WBî<KßACJT8 NG? 9<ïZö2JG8E÷:NG?d÷
ñ÷EDö 9@?Î÷

Dô/JTï-öBõ÷:Nff÷E9<JG?n÷

DáMTD?BD8:Nff÷E9<JG?>JffA
í
8EDöB8EDiñD?d÷E9<?BM öINff÷

ñ÷

8:JGõBM

NMT8:NGö

JffA	TD8E÷E9²ô/Dñ
4H

9<ñfi9<ñZN õPñDACõBînöI8EDöB8EJôDñ:ñ9<?BM
ña÷:Dö¤FÐ8:DOõIô9@?IM÷

DZñED/÷ýJffA¶NGî@îöPJdñEñE9<WBî@D-ñEDdõBD?Pô/DñÌJffATD8E÷E9²ô/Diñt÷:JaõIñ÷ýN ñEõBWIñED/÷C÷

D
1NGî@9²O öIN÷

ñn÷

Nff÷ôNff?
W2DjDö2JG?BD?T÷:9<NGî@î<K.ñEïNffî<î@D8
JònDGD8iFLî@9<?BDiNff8ñEDî@A×þ}NTñEñEDïfiWBî<KJffA
OJGõBWIî@Dþ

Dî@9²ôNGî
í
NGöBöPDiNff8:DO¼÷EJjW2Dtî<9@ï-9@÷EDO¤FGöB8:JGï-ö÷:9@?BMý÷

DtñEõBMGMTDñ÷E9<JG?fi÷EJõIñED\÷

D
ñDîyA×þ¥NGñ:ñDï¼WBî<KJffAÌ÷aònJGþ}O9<ï-D?IñE9<JG?INGîÌø =>9@?IúüNG?IOÕWB8^Nff?Pô

DO ø =fiffffiflú 1ü!
í
ñ÷E8:õIô/þ
÷EõB8:DñZACJT8"#
í
þ}WINGñEDOô/JTï-öBõ÷:Nff÷E9<JG?
H

DñED
ñEõBMTMGDñ÷E9<JG?Pñfiò¹D8:D öB8EDiO9²ôN÷:DO JG? ÷

D
Łô/JGï-öBî<DàñEKL?d÷  D÷E9²ô
í
ñ÷E8:õIô/÷EõB8:DñR9<?$TD?d÷EDiOàWLK%flLDDïNff?áACJG8ffi
í
?ING?BJff÷:Dô  ?IJGî@þ
JGMGKóø flLDD&'LF(flLDDú ü*)Ð÷  D8:Dfi9²ñR?BJò J+TD8ýN(ODiôNTODfiJGA¶Dö2D8:9@ï-D?T÷^Nffî)ò¹JG8:; òV9@÷  ÷  DñED
ïZJTî@Diô/õBî<DñFB9<?Iô/î<õIO9<?BM-÷  Dj8EDiô/D?T÷OBDï-JG?Iñ÷E8^N÷:9@JT?(JGA4÷aò¹Jffþ¥O9<ï-D?IñE9@JT?INffî*',-\ô/8:Kña÷^Nffî²ñ
Nff?IO.÷  D9@8ïZJO9/.PôN÷E9<JG?ø =10G=2flúBF 0$ff3ffi4655F 78flflúGúBF 09flflúGúffü*

flLDî@A×þ}NTñEñEDïfiWBî<KßNff?IOWI8:NG?Iô  DO:
í
ñ÷E8:õIô/÷EõB8:DñïN1KÕW2D õIñEDO9<? ô/JTï¼WB9<?INff÷E9<JG?
òV9y÷  Jff÷  D8#
í
ôJGï-öBõ÷:9@?IM÷EDiô  ?B9;dõBDñ
2UtD9@A  NGñÌöB8:JGö2JTñEDO
õIñE9<?BM(ñ÷EDöþ|òV9²ñED¼ñDîyA×þ
NGñ:ñDï¼WBî<K÷EJ8:DOõIôD(D8E8:JG8^ñ ø UVD9<úTú1ü<) ÷  Dô/9<8^ô/õB9@÷ñENff÷E9²ñaAÃNTô6÷E9<JG? öB8:JGWBî<Dï  NTñNàöPNff8Eþ
÷E9²ô/õBî²Nff8:î@K Dî<DMdNff?d÷9<ï-öBî@Dï-D?d÷:Nff÷E9<JG? 9<?  9²ñï-JODî=
?>GJT?BJTñE;N  NTñô/JT?IñE9<OD8EDiO ÷  DZñDîyA×þ
NGñ:ñDï¼WBî<K-JffAgWB8^Nff?Pô  DO@#
í
9<?d÷EJBAID9<WBî<DÌMT8:NGö  þ}î@9<;GDRña÷:8EõIô/÷EõB8:DñFdòV9y÷  NGöBöBî<9<ôN÷E9<JG?Pñ
÷EJffi!Cþ}ôJGï-öBî<D/÷ED¹öB8:JGWBî<DïñVø >3flBúGúiü<

í
?-9@?d÷:D8:Dñ÷E9<?BMÌJTWIñED8D1Nff÷E9<JG?fi9<ñ÷  N÷·öB8:D/þ|ACJG8:ï-DO
WB8:NG?Iô  DiOE
í
ña÷:8EõIô/÷EõB8:DñôNff?
öB8:J+L9<OBDýNTOFNff?d÷:NGMGDiñ¶ACJT8ñEõBWIñEDdõBD?d÷töB8:Jô/DiñEñE9@?IMZWLK
8EDiña÷:8E9²ô6÷:9@JT?.D?ISKLï-DRO9<MGDiña÷:9@JT?áø >3flBú iü<
B7GD?.;L?BJG÷÷EDiO?BDiñEñ\ôNG?.W2DýõIñDiOACJT8\ôJGï-öBõþ
÷:N÷:9@JT?) 
íHG
JG8:8:JGï-DNG?¼8:9@?BMdñ9@ï-öBî<Dï-D?d÷nNRî<JGMT9<ôNffîJIJK$L¼MTN÷:Djø flL=fiff-4ú ü*
ff= DtNff8:D\N
î@JT?BMýò¹N1KjAC8:JGï õB?IOD8:ñ÷:NG?IO9<?BMR÷  D\ACõBî<îIö2Jò¹D8)JffAÐWB8^Nff?Iô  DiOB
í
Nff?IOZñDîyA×þ¥NGñ:ñEDï¼WIî@K

tJò¹DMGD8F2÷

DñEDöB8:JGö2JTñ:Nffî²ñRñ÷E9<î<î¶õIñEDô/JTïZöIî@DMN
í
ñ÷E8:õIô6÷:õB8:DñjNff?PO NTñEñEDïfiWBî<9@Diñ
÷

Nff÷¹Nff8:Dtî<9@;TDî<KZ÷EJ¼ö2JTñEDNff÷nî<DNGñ÷¹NTñïNff?LKZ÷EDiô

?B9²ôNGîPO9/Oô/õBî@÷E9<Dñ\NGñP',ùñDîyA×þ¥NGñ:ñEDï¼WIî@K

Q}÷

NGñZWPDD?ñõIMGMGDiña÷:DO÷

N÷R.DiOLþ|òV9²OL÷

JT8fiJT?BD/þ¥O9<ïZD?IñE9@JT?INffî-TS&ZñEDî@A×þ}NTñEñEDïfiWBî@K
ï-N1KW2DjNff?
N÷E÷E8^NGô6÷:9/TDRNG?IO8:JGWIõIña÷VDMLö2D8:9<ïZD?d÷:NffîÂñEKña÷:Dï
FòV9y÷

AÃNTña÷:D8VñEDî@A×þ}NTñEñEDïfiWBî@K
Nff?IO(î@Jò¹D8\D8E8:JG8¹8:Nff÷EDiñ¹÷

NG?.÷aò¹Jffþ¥O9<ïZD?IñE9@JT?INffîÂñEKLñ÷EDïñjø 0T= U	5 5ü*
Q¥?(÷

9<ñtNG8÷:9<ôî@DRò¹D
DöBî<JG8:Dfi÷

D.ôJGï-öBõ÷^N÷E9<JG?PNffîö2JònD8jJffAffiS ñDîyA×þ¥NGñ:ñDï¼WBî<K JGA\WI8:NG?Iô

DON
í
ñ÷E8:õIô/þ
÷EõB8:Dñ

U V1WYX[Z$\^]`_ba&c6ZJZ\edgf#]Thic·åéj_^èçdkc6]R]Tc·å	l¶ê!cml\ùæFn!\¤èçFh
Q¥?:
í
þ|WINTñDiOô/JGï-öBõB÷E9<?BMIFNà÷EDiña÷÷:õBWPDJGA
í
JTî@9<MGJT?dõPô/î<DJff÷:9<OBDñECDdõB9oNffî<D?d÷Eî<KGF
ña÷:8:NG?IOBñ9²ñôJG?IñE9<OBD8:DO÷:J8EDöB8:DñED?d÷ýN
ñED/÷JGA¹ñ÷E8:9@?BMdñýJ+GD8ýNG? NGî@ö

NffW2D/÷&

í
ña÷:8:NG?IO
JffAp
í
ôNff? W2D-9@?d÷ED8EöI8ED÷EDOáO9<8EDiô6÷Eî<K NGñRN ña÷:8E9<?BM J+GD8!qjrts&uvDwvbxRvbyffizE«N@
í
ñD&TõID?IôD&WLK¼8:DNTO9@?IMÌ9@÷:ñ¶WINGñEDñ)9<?Z÷

D!{ |~} |BJG8^OD8&
+Q}A^ 9²ñNffi
í
ñEDdõBD?Iô/DTF1÷

D?
9y÷^ñ¤=N÷:ñEJG?BþTn8:9<ô^;tôJGï-öBî<Dï-D?d÷g9²ñÂòV8:9y÷E÷ED?6|)D 
 M
Mu#xwy!xw-xffi|r2w-xw-u!xwy
i= D
òV9@î<îgACJTî@î<Jò ÷

DZô/JG?JTD?d÷E9<JG? ÷

N÷#
í
ña÷:8:NG?IOBñtïN1K(WPD¼÷:Nff;TD?
÷:J8EDöB8:DñED?d÷ña÷:8E9<?BMdñ
J+GD8\NZî<NG8EMTD8\Nffî<ö

NGWPD÷$WLKõIñE9@?BMN-ô/JODWPJLJT;R8$k}qBB)9=
 D 
<FBDiNGô

ñEKLï¼W2JGîÂ9<?
 9²ñV8:DöB8:DñED?d÷EDiO WdK Nff?Ł
þ}WINGñEDjñõIWIñD&dõBD?IôD 
Q}÷ÌòV9@î<î4NGî@ò\N1KñnW2D¼NTñEñEõBï-DO(÷

N÷tACJT8
H
rfi¶FBJôô/õI8E8:D?IôDñ¹JffAe

\Nff?IOe\NG8EDRMGõING8:NG?d÷EDDiO?BJG÷\÷EJ-J+GD8Eî²Nffö(9@?(÷

D
í
ña÷:8:NG?IOBñõI?IOD8-ô/JT?IñE9<OD8:Nff÷E9<JG?
H

õIñF)N÷:õBW2D(JGA!#
í
ñ÷E8^Nff?IOIñfiôNff?óW2D ôJG?IñE9<OBD8:DO
÷EJ8:DöB8:DñED?d÷NñED/÷tJffAñ÷E8:9@?IMTñ\J+GD8\÷

DfiNffî<ö

NffW2D/÷ffi@

G
DôNGõIñED-
í
ña÷:8:NG?IOBñVôNff?W2D
ô/9<8:ôõBî<NG8FTNý÷EDiña÷n÷EõBW2DÌïN1K-Nffî²ñJôJG?d÷:NG9@?ô9@8^ô/õIî<NG8¶ña÷:8E9<?BMdñJ+GD86q NG?IO(FG8:DöB8:DñED?d÷:DO
õIñ9<?BMá÷

D öB8:D.ßñEKLï¼W2JGî	 NTñfiOBDñ:ô/8:9@W2DOßî<Nff÷ED8&
69@?INGî@î<KGF)?BJG÷ED(÷

Nff÷fi÷

Dô/JODWPJLJG;
OD.I?IDñNï-NG?LKTþ|÷EJGþ|JT?BDý8EDî<Nff÷E9<JG?Iñ

9<ö
JffAmqRj÷EJEFPW2DôNffõIñEDjònD¼õIñD÷

D¼ôJG?JGD?d÷E9<JG?
÷

Nff÷E
í
ñõBWPñD&TõID?IôDñ÷

N÷
Nff8:D ?BJG÷(öING8÷.JGA¼Nff?LKô/JODò¹JG8^O:

NG8EDàñE9<ïZöIî@K
9@MT?BJG8:DO
IJG8tDMBNffï-öBî<DGFBõIñE9<?BMNô/JODWPJLJG;(ò

D8:D-Fru#wy!vT=pr2xffiuwZFPW2Jff÷

÷

Dñ÷E8:9@?IMTñu#wy#xffiu#w-xffiu#w$NG?IO@x-y#u#wy	y	y#xffixffiu#w-x-y!xffiuw ô/JODRACJG8	F+

BJG8:ïNffîffî²Nff?IMGõINGMGDñF/ô/D?d÷E8^Nffî÷:JtõB?IOD8:ñ÷:NG?IO9<?BMôJGï-öBõ÷^N÷E9<JG?ýJT?ña÷:8E9<?BMTñF/öB8:J+L9<OBDN
?IN÷:õB8:NGîffACJT8EïNffî<9²ñï ACJG89#
í
WINTñDiOjô/JTïZöIõ÷E9<?BM
1H

D8ED9²ñNtô/î<JTñED¶ô/JT8E8:DñEö2JG?IOD?Iô/D·W2D/þ
÷aònDD?jMGD?BD8^N÷:9/TD·MG8^Nffï-ïNff8^ñÂNff?IOj÷

D¶ñEDî@A×þ¥NGñ:ñDï¼WBî<KRNG?IOýî<9@MdN÷E9<JG?jJGA#
í
ï-JGî<DôõBî@DiñM

G
JG÷

NG8ED-öB8:Jô/Dñ:ñEDñR÷

N÷¼MTD?BD8:Nff÷ED?BDòñ÷E8:9<?BMTñRAC8:JGï öB8:DML9@JTõIñýJG?IDñNTôô/JT8:OB9@?BM ÷:J
­linear duplex = REG
dendrimers = CF
2D crystals = RE
linear duplex w/ hairpin = 2−LIN
= ET0L fin
mlET0L=permutation, parallel tiles
general, planar, hairpin tiles
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